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Abstract 
The rapid growth of air traffic in the Asia Pacific region in the last decade has brought about the need for more sustainable modes 
of flight. A key initiative is the development of a Next Generation Air Traffic Management (NG-ATM) system which allows 
aircraft to fly optimal trajectories. Besides fuel- and time-related costs, other considerations for optimal routing include emissions, 
noise and contrails. Multi-Objective Trajectory Optimisation (MOTO) allows the generation of optimal trajectories with regards to 
these objectives, with dynamic weights depending on the phase of flight. Contrails are a major contributor to aviation’s total 
Radiative Forcing (RF), being more significant than that of CO2. In particular, when formed in areas of low temperature and high 
relative humidity, contrails are known to persist for hours, spreading and eventually transitioning into cirrus clouds. Contrails trap 
heat by reflecting the long-wave infra-red radiation emitted by the earth back to its surface, producing positive RF. However, the 
albedo of contrails also reflects the incoming shortwave radiation from the sun, resulting in a negative component of RF. The 
impact of contrails, quantified by its associated RF, is thus not merely a function of environmental parameters but also a function 
of time. In this paper, a MOTO algorithm is used to generate optimal trajectories that minimize the radiative impact of contrails 
and CO2, while minimizing flight time and fuel burn. A case study of a transcontinental flight from Paris to Beijing is presented to 
demonstrate the feasibility of such an algorithm in providing strategic and tactical trajectory optimization capabilities. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Air traffic, in revenue passenger kilometers (RPK), has been growing at an average of 5% per year. Recent figures 
indicate an annual growth of 6.1% in the Asia Pacific region, second only to the Middle East, which is growing at 
6.9% per annum [1]. This has led to a big push towards more sustainable modes of flight, which mean achieving safer, 
more efficient, and more environmentally-friendly standards in aviation. In the area of avionics and Air Traffic 
Management (ATM), current operations and procedures are being transformed by new technologies and innovation 
from research initiatives such as USA’s Next Generation Air Transportation System (NextGen), and the European 
Single European Sky ATM Research (SESAR). 
Multi-Objective Trajectory Optimization (MOTO) is an area of active research, and has been comprehensively 
reviewed in Gardi [2]. MOTO is part of an initiative to modernize ATM. The decentralization of flight planning, 
traditionally done offline from a ground-based ATM system, is now being brought online and into the aircraft, allowing 
for dynamic re-planning based on user-defined costs and constraints. This will allow for greater savings and more 
environmentally-friendly trajectories to be flown. The successful implementation of MOTO in next generation 
avionics and ATM systems takes into account various objectives such as fuel consumption, flight time, pollutant 
emissions and the associated radiative impact of such pollutants and contrails. These objectives are used to measure 
the optimality, or cost, of a given trajectory, based on user-defined weights. In particular, the radiative impact of 
aviation is a cost that can be minimized through MOTO. Studies have shown that the radiative impact is mainly 
comprised of two main components – contrails and CO2 (Fig 1). The Radiative Forcing (RF) due to CO2 is largely a 
function of fuel usage and remains positive and relatively constant over the course of a flight, while the RF due to 
contrails is determined by a combination of atmospheric conditions and the time-of-day. Regions of low temperature 
(generally ͶͲιܥ) and high relative humidity with respect to ice (generally ܴܪ௜ ൐ ͲǤͺ) give rise to contrails, and such 
regions can be actively avoided (or sought out, if the regions give rise to negative RF) with re-routed trajectories, at 
the cost of increased fuel and flight time. 
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Fig 1. Illustrated comparison of the change in RF due to CO2 and contrails as a function of flight progress. 
Nomenclature 
ܴܨ௅ௐ  Longwave radiative forcing, ܹ݉ିଶ 
ܴܨௌௐ  Shortwave radiative forcing, ܹ݉ିଶ 
ܱܮܴ  Outgoing longwave radiation, ܹ݉ିଶ 
ܵܦܴ  Solar direct irradiance, ܹ݉ିଶ 
ݎ௘௙௙  Effective particle radius, ߤ݉ 
߬  Contrail optical depth at 550nm 
߬௖  Optical depth at 550nm of overhead cirrus 
ܶ  Atmospheric temperature, ܭ 
ߤ  Cosine of the solar zenith angle 
்݇  Longwave RF: model parameter, ܹ݉ିଶܭିଵ 
଴ܶ  Longwave RF: model parameter, ܭ 
ߜఛ, ߜ௟௥, ߜ௟௖ Longwave RF: Model parameters 
ݐ஺, Ȟ, ߛ  Shortwave RF: Model parameters 
ܣఓ, ܤఓ, ܥఓ, ܨ௥ Shortwave RF: Model parameters 
ߜ௦௥, ߜ௦௖, ߜԢ௦௖ Shortwave RF: Model parameters 
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2. Contrail Radiative Forcing (RF) model 
Contrails are formed from the condensation of water vapor in the wake of an aircraft engine’s exhaust. In favorable 
environmental conditions, contrails are known to persist for hours, eventually evolving into cirrus clouds. An in-depth 
review of the contrail life-cycle can be found in a recent publication by Paoli and Shariff [3]. Contrail-cirrus are 
currently known to have a large positive radiative impact, contributing to global warming, yet also have the potential 
to have a negative radiative impact due to their albedo. The literature has suggested that there are diurnal variations 
in the radiative impact of contrails, with a greater positive RF at night than in the day [4] (the albedo effect does not 
have any effect at night). The RF due to contrails comprises two components, the positive longwave radiation and the 
negative shortwave radiation: 
0,0 dt
 
SWLW
SWLWTot
RFRF
RFRFRF    (1) 
The longwave radiation ܴܨ௅ௐ is emitted from the surface of the earth. Cirrus-contrails trap some of the outgoing 
radiation as heat due to the greenhouse effect. The phenomenon is mainly a function of the temperature difference 
between the contrail layer and the atmospheric temperature ܶ. Based on Schumann’s parametric model for contrail 
RF [5], the ܴܨ௅ௐ can be obtained as follows: 
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The outgoing longwave radiation constant is ܱܮܴ ൌ ʹͷͲܹ݉ିଶ and ܨ௅ௐ൫ݎ௘௙௙൯ and ܧ௅ௐሺ߬௖ሻ are scaling factors to 
account for the size dependence of the optical properties and the presence of overhead cirrus: 
)exp(1)( efflreffLW rrF G    (3) 
)exp()( clccLWE WGW     (4) 
The parametric model accounts for the optical properties of the contrail with eight different ice particles (also 
termed habits) including spherical, rosette and plate. The habit depends mainly on atmospheric conditions and a 
contrail may comprise a combination of different habits, which can be accounted for with a weighted sum of each 
habit. For the simulation, a rosette habit (which describes particles that form at high ܴܪ௜ and low temperatures) was 
assumed, giving values of ଴ܶ ൌ ͳͷʹ, ்݇ ൌ ͳǤͻͶͶ, ߜఛ ൌ ͲǤ͹Ͷͻ, ߜ௟௥ ൌ ͲǤͳ͹Ͳ and ߜ௟௖ ൌ ͲǤͳ͵͵.  
The shortwave radiationܴܨௌௐ comes from the sun and is incident on the earth. Due to the albedo of the contrail, 
some of the shortwave radiation is reflected back into space. This reflectance is mainly a function of the optical depth 
of the contrail, ߬ (which also contributes to the longwave RF). 
),(),,()(),,,( 2 cLWeffceffAceffSW ErAtSDRrTRF WPWPDWW    (5) 
The incoming shortwave radiation is constant and given by ܵܦܴ ൌ ͳ͵͸ʹܹ݉ିଶ; an effective albedo of ܣ௘௙௙ ൌ ͲǤʹ 
is used, which is a typical value for grassland areas. The two functions ߙ௖൫ߤǡ ߬ǡ ݎ௘௙௙൯ and ܧ௅ௐሺߤǡ ߬௖ሻ are scaling factors 
to account for the contrail albedo and the presence of overhead cirrus. 
)]()'(')[(),,( PWWWPD PPP FRACRr CeffCeffc     (6) 
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The contrail albedo depends on the effective optical depth, which is a function of the solar zenith angle and particle 
size, 
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The reflectances, 
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And an empirical function accounting for solar zenith angle dependent sideward scattering 
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The contrail parameters (length, breadth, ice number, effective ice radius, etc.) were computed based on 
Schumann’s Contrail Cirrus Prediction (CoCiP) tool [6], which evaluates the contrail properties along a linear aircraft 
trajectory. Contrails are simulated along this trajectory based on ambient weather, with the key parameters being the 
relative humidity with respect to ice (RHi) and temperature. A 2-dimensional (4D) mapping algorithm generates and 
interpolates between multiple linear trajectories along a (lat, long) plane to obtain a 2D contrail field of RF and 
lifetime. The 2D planes are generated for multiple altitudes and interpolated to obtain a 3D volume, which is then 
interpolated at different timesteps to obtain a 4D field (Fig 2). The detailed explanation and model of the 4D mapping 
algorithm can be found in Lim [7].  
c
a
d
b
 
Fig 2. Contrail mapping algorithm, with 3D fields of (a) Relative Humidity with respect to ice (RHi), (b) Temperature, (c) Contrail RF. (d) 
Contrail lifetime. The mapping trajectories in 2D are drawn in (c) and (d). 
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3. CO2 Radiative Forcing (RF) model 
CO2 emissions are modeled as a function of the aircraft fuel flow, the relations of which can be found in the Base 
of Aircraft Data (BADA) [8]. The fuel flow (kg/min) is given as the maximum thrust in nominal and idle conditions. 
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  (12) 
The throttle is given by ߬, the airspeed by ݒ௧௔௦ (kts) and the geopotential pressure altitude by ܪ௉(ft). The aircraft-
specific parameters ௠ܶ௔௫ǡ ܥ௙ଵǡ ܥ௙ଶǡ ܥ௙ଷǡ ܥ௙ସ can be found in BADA. The CO2 emissions (kg) can then be approximated 
as a function of the fuel flow and elapsed time: 
dttFFCO ³ )(16.32
 
  (13) 
Based on the atmospheric mass, a conversion factor of ͳ݇݃ܥܱଶ ൌ ͶǤ͸ͻ ൈ ͳͲିଵଶ݌݌݉ܥܱଶ is used to obtain CO2 
in parts per million (ppm). This can then be used to calculate the RF due to CO2 based on a model from the International 
Panel of Climate Change (IPCC) [9] 
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Where ܥ ൌ ܥ଴ ൅ οܥ is the concentration of CO2 in ppm and ߙ஼ைଶ ൌ ͵Ǥ͵ͷ.  
4. Multi-Objective Trajectory Optimization 
A geometric optimization was performed based on the fmincon function in MATLAB to describe the geometry of 
the optimal trajectory (in latitude and longitude). The aircraft dynamics were simplified for increased computational 
efficiency; while the throttle and airspeed were modeled, the aircraft attitude was not considered. Compared to optimal 
control techniques, geometric optimization appears to perform better for problems with larger timescales (i.e., in the 
cruise phase as opposed to within the terminal maneuvering area) as well as in the presence of stochastic fields (such 
as wind or contrail regions). The objective was expressed as a weighted product, accounting for the total time, distance, 
CO2 emissions and contrail-induced RF: 
contrCODistTime w
contr
www RFCODistTimeJ  22
  
 (16) 
5. Case Study 
The case study examined a direct flight of a Boeing B777-200 from Charles de Gaulle Airport (CDG) in Paris to 
Beijing Capital International Airport (PEK). Weather data was obtained from the Global Forecast System (GFS) on 
the 22nd August 2016. 15-hours of forecast data was obtained in 3-hour intervals, from 1200h (GMT+0) to 0300 
(GMT+0) the 23rd August 2016. The weather data includes wind fields, temperature, pressure and relative humidity 
with respect to water RHw. Fig 3 shows the RHi (a function of temperature and RHw) and temperature. A flight 
departing CDG at 2pm (GMT+2) and arriving at Beijing at 5.55am (GMT+8) was selected. The flight was flown at 
34,000 ft above the mean sea level. As seen in Fig 3, the abundance of ice supersaturated regions and low ambient 
temperatures produce favorable contrail-formation regions along the first two-thirds of the trajectory.  
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Fig 3. Case study – westerly flight from Paris to Beijing. Weather plots of (a) RHi and (b) temperature  
 
Negative-RF regions appear at the beginning of the flight while positive-RF regions occur in the middle portion of 
the flight path due to the sunset. Seven cases involving differing weights for wCO2 and wcontr were evaluated, with the 
results shown in Table 1 and Fig 4. As wcontr is increased, the optimized trajectory is observed to deviate more from 
the original (Great Circle) path due to avoidance of positive-RF contrail regions in the middle of the flight, while 
favoring areas of negative-RF. This results in increased travel time, distance and CO2 emissions. 
Table 1. Optimization weights 
Case ࢝࡯ࡻ૛ ࢝ࡾࡲࢉ࢕࢔࢚࢘ 
Total travel 
time (hrs) 
Total distance 
travelled (km) 
CO2 emissions 
(tonnes) 
Contrail RF 
contribution (W/m2) 
1 1 1 10.4 8239 131.0 -4.10 
2 4 2/3 10.8 8312 140.5 -5.17 
3 10/3 4/3 10.5 8272 133.4 -4.05 
4 8/3 2 10.7 8423 136.5 -4.24 
5 2 8/3 11.0 8617 141.3 -4.24 
6 4/3 10/3 11.0 8639 177.3 -4.41 
7 2/3 4 12.7 9071 207.4 -4.22 
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Fig 4. Results of trajectory optimisation with differing weights for CO2 and contrail-RF 
6. Conclusion 
The paper presents the mathematical models for computing the Radiative Forcing (RF) of contrails and CO2. These 
models were used to define cost functions in a Multi-Objective Trajectory Optimization (MOTO) case study 
accounting for an international flight from Paris to Beijing. The case study generates optimal trajectories that minimize 
the RF of flight trajectories. The results of this study demonstrate the feasibility of MOTO in generating RF-minimal 
trajectories with respect to contrails and CO2, and show that not all contrail-persistent regions should be avoided. As 
contrail-induced RF is dependent on the time of day, with positive RF contributions at night and negative RF 
contributions in the day, the optimizer generates trajectories that avoid contrail-persistent regions at night and seek 
out contrail-persistent regions in the day. This is an important finding, indicating that contrail avoidance areas modeled 
as ice super-saturation regions are not adequate in providing optimal, minimal-RF trajectories. 
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